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During late July and early August 2008, an intense heat wave occurred in Oklahoma City. To quantify the impact of the urban
heat island (UHI) in Oklahoma City on observed and apparent temperature conditions during the heat wave event, this study
used observations from 46 locations in and around Oklahoma City. The methodology utilized composite values of atmospheric
conditions for three primary categories defined by population and general land use: rural, suburban, and urban. The results of the
analyses demonstrated that a consistent UHI existed during the study period whereby the composite temperature values within the
urban core were approximately 0.5◦C warmer during the day than the rural areas and over 2◦C warmer at night. Further, when the
warmer temperatures were combined with ambient humidity conditions, the composite values consistently revealed even warmer
heat-related variables within the urban environment as compared with the rural zone.
1. Introduction
Within the United States, heat waves are the most prominent
cause of weather-related human mortality [1] and have been
well studied by the public health community [2]. In recent
years, the effects of heat waves had devastating impacts both
in the United States [1, 3] and Europe [4–6]. The excess
all cause mortality related to the August 2003 heat wave
in Europe (estimated 22,000 to 45,000 heat-related deaths
in 2 weeks across Europe) calls dramatic attention to the
relationship between heat waves and health [7].
Children, elderly persons, those with chronic diseases
such as cardiovascular and respiratory diseases, low income
and minority groups, and individuals living alone are par-
ticularly vulnerable to excessive heat [2, 8, 9]. Unfortunately,
the frequency, intensity, and impacts of heat waves will likely
increase during future decades [10, 11]. As a result, many
cities have implemented heat watch-warning technologies
to mitigate the impacts of heat waves and protect the
populations of large urban areas [12–14].
In general, the atmospheric processes associated with
heat waves involve significant, mid-tropospheric anomalies
which subsequently produce extended periods of subsidence,
clear skies, light winds, warm-air advection, and prolonged
above normal temperature [11, 15, 16]. As such, heat waves
impact large geographic areas. Yet, during two-heat-wave
events in the central portion of the United States, approx-
imately 65% of all heat-related deaths in 1995 occurred in
Chicago [15] and, during 1999, approximately 80% of all
deaths occurred in metropolitan areas (including Cincinnati,
Chicago, Kansas City, Milwaukee, and St. Louis; [16]).
Similarly, excessive heat-related deaths occurred throughout
many European cities during the 2003 heat wave [4, 17–19].
The impact of urban environments on human health has
become a critical issue facing the global society as the number
and percentage of humans living in urban areas continues
to grow [20–22]. Because direct and indirect weather-related
accidents and deaths have continued to increase [23], the
impact of environmental hazards combined with increased
urbanization deserves intense study. It is well understood
that urban areas have a profound impact on the local
atmospheric conditions. In particular, the urban heat island
(UHI) yields increased temperatures within the urban zone
when compared to surrounding rural areas [24] and has
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many causative factors including differential thermal storage
between urban and rural areas, decreased atmospheric
moisture over urban zones due to limited evapotranspiration
and increased runoff, increased anthropogenic heat flux,
decreased terrestrial radiation loss, decreased total turbulent
heat transport, and increased downwelling longwave radi-
ation due to increased particulates and greenhouse gases
[25]. Further, the UHI is most noticeable at night and under
synoptic high pressure systems with calm conditions and
clear skies [24, 26–28], and the UHI has been measured in
cities spanning many varying climate regimes and sizes [29–
32].
Unfortunately, the collection of consistent, research qual-
ity observations of atmospheric state variables are limited in
many urban areas. Kunkel et al. [15] noted that while the
UHI is well documented, little information exists concerning
urban heat islands during extensive heat wave events such as
the one that impacted Chicago in 1995. At the same time,
there is increased understanding that critical relationships
exist between heat wave events, urban heat islands, and
human mortality [16, 33, 34]. Yet, while numerous studies
have surmised that the urban heat island has played a critical
role in modulating environmental conditions during heat
wave events [35–37], an overall lack of sufficient, research-
quality data during the events has inhibited a thorough
understanding of UHI, heat wave interactions.
During 2007 and 2008, a dense network of atmospheric
monitoring sites were deployed across the Oklahoma City
metropolitan area: the Oklahoma City Micronet (OKCNET).
During late July and early August 2008, an intense heat
wave impacted central Oklahoma including Oklahoma City
and surrounding areas. Recent results from a study by
Basara et al. [38] demonstrated a pronounced UHI signature
in Oklahoma City whereby temperature values were typically
greater than 1.5◦C warmer at night and over 0.5◦C warmer
during the day in the urban zone versus the surrounding
rural areas. Thus, given the dense meteorological observa-
tions across the Oklahoma City metropolitan area and the
known presence of an UHI in Oklahoma City, the objectives
of this study were (1) to quantify the impact of the UHI in
Oklahoma City on environmental conditions during the heat
wave event and (2) demonstrate how the UHI exacerbated
heat conditions critical to human health.
2. Data and Methods
Oklahoma City is the largest city in the United States that
is not a consolidated city-county (approximately 1610 km2).
The urbanized area of Oklahoma City is approximately
630 km2 and has a well-defined central business district
(approximately 20 km2) with buildings to 120 m in height.
This study utilized two main datasets collected from
15 July through 15 August 2008, which span the period
prior to, during, and following the heat wave event. These
datasets included observations collected from the Oklahoma
City Micronet (OKCNET) as well as observations from 10
Oklahoma Mesonet sites in the Oklahoma City metropolitan
area and the surrounding rural terrain.












Figure 1: The locations of Oklahoma City Micronet and Oklahoma
Mesonet sites used as part of the study. The highlighted area (tan)
represents the municipal boundaries for the City of Oklahoma
City and the dashed lines represent county borders. The urban
sites consisted of locations classified by UCZ1 and UCZ2 [40],
the suburban areas included sites classified as UCZ3 through
UCZ6, and the rural sites included locations with limited structures
consisting mainly of large expanses of native, short grass vegetation,
interspersed trees, rangeland, and cropland (winter wheat).
2.1. The Oklahoma Mesonet. The Oklahoma Mesonet is an
automated network of 120 remote, meteorological stations
across Oklahoma [39]. Each station measures core param-
eters that include air temperature and relative humidity
at 1.5 m, wind speed and direction at 10 m, atmospheric
pressure, downwelling solar radiation, rainfall, and bare and
vegetated soil temperatures at 10 cm below ground level. In
addition, over 100 sites measure air temperature at 9 m. In
an effort to avoid anthropogenic influences, most Oklahoma
Mesonet sites are located in rural areas. Mesonet data are
collected and transmitted to a central point every 5 minutes
where they are quality controlled, distributed, and archived
[39]. This study used data collected from the ten sites in
and around the Oklahoma City metropolitan area in 2008
(Figure 1).
2.2. The Oklahoma City Micronet. The Oklahoma City
Micronet (OKCNET) is an operational network designed to
improve atmospheric monitoring across the Oklahoma City
metropolitan area [41]. The 40-station network consists of
four Oklahoma Mesonet Stations (OKCE, OKCN, OKCW,
and SPEN) and 36 stations mounted on traffic signals
at a height of approximately 9 m and station spacing of
approximately 3 km. At each traffic signal site, atmospheric
conditions of air temperature, humidity, pressure, rainfall,
wind speed, and wind direction are measured and transmit-
ted every minute to a central facility 24 hours per day, year-
round where they are quality controlled, distributed, and
archived using the Oklahoma Mesonet infrastructure. The
Oklahoma City Micronet includes a cluster of stations within
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the central business district as well as stations throughout the
Metropolitan area (Figure 1).
2.3. The Urban Heat Island Index. To quantify the varying
environmental conditions that existed between the urban
and rural zones in and around Oklahoma City during
the heat wave in late July and early August 2008, the
magnitude of the UHI was calculated during the study
period. Typically, the determination of UHI intensity is
limited according to the availability of observations and,
when a limited number of observation sites are present,
UHI intensity is often estimated using the difference between
urban and rural temperatures from individual observing
locations [42]. However, when multiple observation sites are
available, UHI intensity can be calculated as the difference
between mean urban and mean rural temperatures [38, 43].
Such computations provide a more robust measure of UHI
intensity and minimize the inherent variability between
observing sites that can impact the magnitude of UHI values
[30, 38].
To complete the analysis of the UHI using the composite
approach, sites were examined and grouped into one of
three categories based on the surrounding land cover char-
acteristics: urban, suburban, and rural (Figure 1). Table 1.
shows the assigned surface characteristics for the stations
included in the study along with the associated urban climate
zone (UCZ) classifications defined by Oke [40]. Additional
information regarding the siting and representativeness of
the OKCNET stations is included in Basara et al. [41], while
Schroeder and Basara [44] document the methodology used
to determine the UCZ classifications of OKCNET sites.
The urban stations included nine OKCNET sites located
within the central business district of Oklahoma City and
were consistent with UCZ classifications of UCZ1 and
UCZ2. The rural sites included a mixture of ten OKCNET
and Oklahoma Mesonet stations at locations with limited
structures consisting mainly of large expanses of native, short
grass vegetation, interspersed trees, rangeland, and cropland
(winter wheat). The third category, suburban in nature,
comprised 28 locations (OKCNET and Mesonet stations) in
areas with residential, commercial, and industrial structures
consistent with UCZ classifications of UCZ3 through UCZ7
[40].
To determine the magnitude of the UHI for the urban
core of Oklahoma City (i.e., “Urban” in Figure 1), a
composite index value was used:
HIIU = TU − TR, (1)
where HIIU is the heat island intensity of the composite
urban values, TU is the mean temperature of the urban
observations at 9 m, and TR is the mean temperature of
the rural observations at 9 m. A similar calculation was
completed for the suburban conditions:
HIIS = TS − TR, (2)
where HIIS is the heat island intensity of the composite
suburban zone, TS is the mean temperature of the suburban
observations at 9 m, and TR is the mean temperature of the
rural observations at 9 m.
2.4. Formulations of Apparent Temperature. Because numer-
ous studies have linked the impact of environmental con-
ditions, including heat, to mortality [1, 3, 45–48], the
composite UHI values (HIIU and HIIS) were combined with
observed values of humidity and wind speed to compute
traditional values used to estimate heat stress. Humidity and
wind speed contribute to heat stress and several approaches
have been used to estimate thermal stress in previous mortal-
ity studies. These include heat index [49, 50], the formulation
of the Weather Stress Index (relative apparent temperature)
by Kalkstein and Valimont [51] (KV86), a revised version
of relative apparent temperature by Michelozzi et al. [52]
(M07), and the Humidex [53].
The Weather Stress Index [51] is a summer season
algorithm and is a derived form of apparent temperature
(AT):
AT = −2.653 + (0.994Ta) + 0.368(Td)2, (3)
where Ta = air temperature (◦C); Td = dewpoint temperature
(◦C).
The KV86 apparent temperature is corrected for wind
using an adjustment table from Steadman [49]. Generally,
if the apparent temperature exceeds 34◦C, winds tend to
increase heat flow, thus raising the apparent temperature
further.
A revised version of KV86 was developed by Michelozzi
et al. [52]. Their formula for apparent temperature is similar
to KV86 with the exception that it is not corrected for varying
wind speeds:
AT = −2.653 + (0.994Ta) + 0.0153(Td)2, (4)
where AT = apparent temperature (◦C), Ta = air temperature
(◦C), and Td = dew point temperature (◦C).
The Humidex [53] has also been used to study the
consequences of heat waves on health [54] and is based
on the work of Masterton and Richardson [55]. This
algorithm uses a slightly different formulation and includes
an interpretation that is directly related to heat stress:
Humidex = T + 5
9(e − 10) , (5)
where T is the air temperature (◦C) and e is the vapor
pressure. The Humidex values correspond to the following
categories of comfort.
Comfortable: H < 27.
Some discomfort: 27 ≤ H < 30.
Great discomfort: 30 ≤ H < 40.
Dangerous: 40 ≤ H < 55.
Very dangerous: H ≥ 55 (heatstroke imminent).
3. Results
During the waning days of July 2008, a heat wave event
began to build across central Oklahoma with the most
intense conditions spanning 31 July through 5 August 2008
(hereafter referred to as the “heat wave period”). Daily max-
imum temperatures across the region were 5–8◦C warmer
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Table 1: The surface characteristics of stations used in the study along with urban climate zone classifications defined by Oke [40].
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Figure 2: (a) Composite urban (red), suburban (gold), and rural
(blue) values of air temperature from 30 July 2008 to 8 August 2008.
(b) Composite diurnal values of urban heat island intensity with
respect to rural composite values for the urban (red) and suburban
(gold) locations.
than the typical climatological values and approached or
exceeded 40◦C during the heat wave. The composite air
temperature values for rural, suburban, and urban zones for
Oklahoma City, shown in Figure 2(a), reveal the increasing
temperature trend from late July through early August as the
heat wave intensified. Further, the official observing station
for Oklahoma City (Will Rogers World Airport) observed
record high temperatures of 41◦C (106◦F) on 3 and 4 August
2008, the latter breaking a record that had stood for 90 years.
Thus, the most intense portion of the heat wave represented
historic conditions for the period.
A consistent UHI occurred during the heat wave period
as demonstrated in Figure 2(b) whereby conditions in the
urban core of Oklahoma City were (a) typically 0.5◦C
warmer during the day, (b) more than 2◦C warmer at
night and, (c) were consistent with UHI intensities noted
by Basara et al. [38]. At the same time, the suburban areas
also displayed a warmer signal than the rural areas, especially
during the overnight periods when conditions were typically
1.5◦C or more warmer.
Prior to the onset of the heat wave period, light pre-
cipitation occurred in central Oklahoma on 29 and 30 July.
As a result, the combination of the elevated temperatures,
local evapotranspiration, and a relatively moist airmass
(Figure 3) produced elevated heat index values from 31 July
through 6 August. The impact of such features, especially
from 31 July through 2 August, can be seen in Figures
4(a) and 4(b), which incorporate the temperature and UHI
intensity analyses from Figures 2(a) and 2(b) with associated
humidity data, collected at the observing sites. Thus, the
result of the increased humidity during the onset of the heat
wave period yielded overall increased magnitudes of heat
index (Figure 4(a)) when compared with air temperature
(Figure 2(a)). Further, the impact of the UHI generated
composite heat index values in the urban core (suburban)
that were typically 1◦C (0.5◦C) or more warmer than the
rural areas during the day and more than 5◦C (3◦C) warmer
at night (Figure 4(b)).
Evaluation of the multivariate Humidex (Figure 5)
further underscores the importance of elevated humidity
combined with elevated temperature during the onset of the
heat wave period. As such, while daytime Humidex values
climbed into the “Dangerous” category for six consecutive
days, the greatest Humidex values occurred during the
afternoon on 2 August prior to the record breaking heat on 3
and 4 August. However, as the heat wave period progressed,
the airmass became less moist as the humidity decreased;
thus, the UHI Heat Index values decreased and became
similar in magnitude to the observed UHI intensity values.
Finally, to further demonstrate the robustness of the
results, values of relevant apparent temperature according to
KV86 (Figure 6), and apparent temperature by M07 (Figures
7(a) and 7(b)) were analyzed. While the magnitudes of
KV86 and M07 differ for the period (the peak values of
KV86 tended to be approximately 4◦C warmer than M07),
both showed similar trends during the heat wave period.
The values of KV86 and M07 steadily increased from 31
July through the period until reaching a maximum on 5
August. Further, both analyses demonstrate a consistent
pattern whereby urban (suburban) temperature values were
approximately 1◦C (0.5◦C) warmer than the rural areas
during the day and 2◦C (1◦C) or warmer at night.
4. Discussion
The purpose of this study was to quantify the impact of the
UHI from Oklahoma City during an intense heat wave that
occurred in late July and early August 2008. The heat wave
period lasted approximately one week and produced record
maximum temperature values at the official meteorological
observing site for Oklahoma City on 3 and 4 August 2008.




















Figure 3: Composite urban (red), suburban (gold), and rural
(blue) values of dew point temperature from 30 July 2008 to 8
August 2008.
Unfortunately, the airport-observing site, located approxi-
mately 10 km southwest of the central business district, is
not representative of the larger Oklahoma City metropolitan
area. This results from the airport being located on the
rural/suburban interface with surrounding conditions that
are mainly rural in land use. However, the Oklahoma
City Micronet and the Oklahoma Mesonet provided not
only increased observations within the urban and rural
environments, but the observation sites spanned varying
land-surface characteristics associated with varying land use.
Thus, this study focused on utilizing composite anal-
yses for urban, suburban, and rural using observations
from 46 locations comprising Oklahoma City Micronet
and Oklahoma Mesonet stations. The robust composite
analyses of temperature and the various formulations of
apparent temperature (heat index, KV86, M07), consis-
tently demonstrated that the urban core of Oklahoma City
was significantly warmer than the surrounding rural areas
throughout the diurnal cycle. Though not as warm as the
urban core, the suburban areas were also warmer than the
surrounding rural zones.
This latter result further demonstrates the complexities
in quantifying the role of the UHI on heat wave events. In
general, observations from within the urban core of a city
are not available. As such, in situ temperature measurements
from locations nearby (e.g., airports) are often used to rep-
resent the “urban” portion of the city. In other cases, airport
measurements may be used to represent the rural locations
due to a lack of observations within the rural zone. However,
this study demonstrates that simple urban-versus rural
comparisons neglect a critical component to the atmospheric
processes in and around cities: from a composite temperature
standpoint, the urban core is fundamentally different than










































Figure 4: (a) Composite urban (red), suburban (gold), and rural
(blue) values of computed heat index [48, 49] from 30 July 2008 to 8
August 2008. (b) Composite diurnal values of UHI Heat Index with
respect to rural composite values for the urban (red) and suburban
(gold) locations. The methodology is consistent with the analysis
demonstrated in Figure 2(b) and computed values of the heat index
[48, 49].
In Oklahoma City, the airport observing sites, as well as
much of the metropolitan population, reside in the suburban
zone. However, the impact of the UHI is critically relevant
to residents in and near the urban core. In many cases,
the urban core is populated by economically disadvantaged,
elderly, and minority racial groups, which are considered to
disproportionately bear the greatest burdens with regard to
adverse health outcomes [8, 56, 57]. Additionally, housing is
typically older, includes a high number of renter occupied
units, and is less likely to be adequately air-conditioned;
such housing conditions further exacerbate the risk of illness







































































Figure 5: Composite urban (red), suburban (gold), and rural
(blue) Humidex values and associated reference categories from 30































Figure 6: Composite urban (red), suburban (gold), and rural
(blue) values of relative apparent temperature (KV86) from 30 July
2008 to 8 August 2008.
and death due to extreme heat events [8, 58–60]. Thus,
the differences in composite temperatures between urban,
suburban, and rural zones along with a lack of representative
measurements characterizing atmospheric conditions within
the UHI becomes an important result when human impacts
are considered. Because warning decisions and intervention
planning are typically dependent upon airport measure-
ments, the vulnerable population residing within the urban
core is at increased risk. The decisions to implement heat
warnings are a function of atmospheric observations mainly
collected at airport sites that are more consistent with the
suburban environment, where less severe heat conditions












































Figure 7: (a) Composite urban (red), suburban (gold), and rural
(blue) values of relative apparent temperature (M07) from 30 July
2008 to 8 August 2008. (b) Composite diurnal values of relative
apparent temperature (M07) with respect to rural composite values
for the urban (red) and suburban (gold) locations.
exceeding critical heat thresholds) may be ongoing in the
urban core prior to those critical thresholds being met in the
suburban zone.
This study also demonstrated that other factors con-
tributed to the overall impact of the urban zone on the
heat wave event. Increased ambient humidity at the onset
of the heat wave period coupled with the UHI produced
increased apparent temperature (heat index, KV86, M07)
and Humidex at the beginning of the period. During the
heat wave period, the number of minutes the urban areas
experienced temperatures considered “Dangerous” accord-
ing to the Humidex was 3430 compared to 3005 for suburban
and 2525 for the rural zones. Further, during the overnight
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periods spanning 31 July to 2 August, the UHI Heat Index
values were considerably warmer than the rural areas.
Karl and Knight [61] noted that a significant contributor
to the number of deaths during the Chicago heat wave
in 1995 was likely a result of increased nighttime values
of apparent temperature. While nocturnal atmospheric
conditions were not as extreme during the 2008 event in
Oklahoma City as Chicago in 1995, the results of this study
revealed that, at night, apparent temperatures in the urban
core were significantly greater than the surrounding rural
areas. In particular, the greatest differences occurred early
in the heat wave period when the ambient humidity was
greatest. The elevated apparent temperature was likely due in,
in part, to fact that as the urban areas cooled versus the rural
zones, the temperature in rural areas cooled more rapidly due
to radiative and in situ cooling [62] such that the heat index
was negligible, regardless of humidity. However, because
the urban zone cooled at a slower rate due to increased
thermal storage and impervious fraction, decreased sky
view factor, and increased anthropogenic heating, among
other possible factors, the temperatures remained warmer
overall and the apparent temperature remained elevated
during the nocturnal period. Thus, the apparent temperature
values were much warmer than those in rural areas. While
temperatures were somewhat less during the onset of the
heat wave period than during the most intense conditions,
the UHI combined with humidity created temperatures in
the urban core that “felt” significantly warmer and provided
much less relief to individuals living in that environment.
5. Conclusions
To date, the overall health impacts of the heat wave in Okla-
homa City in 2008, remain uncharacterized because health
information at coincident spatial and temporal scales are not
yet available. However, from a temperature standpoint, the
urban heat island of Oklahoma City exacerbated an event
that, in general, produced historic heat for the period by
(a) revealing the true intensity of heat during the daytime
within the suburban and urban zones and (b) by increasing
the minimum temperature values. Overall, the results of the
analyses demonstrated that a consistent UHI existed during
the study period whereby the composite temperature values
and computed apparent temperatures within the urban core
(suburban zone) were approximately 1 to 2◦C (0.5 to 1.5◦C)
warmer during the day than the rural areas and over 3◦C
(2◦C) warmer at night. The implications are that individuals
living in the urban zone experience increased heat and
potential risks for heat-related illness more so than those in
rural areas due to the combined impacts of the UHI and the
heat wave event.
Finally, it should be noted that a limitation to this
study is actually one of its strengths: composite analyses.
While concisely illustrating the general differences between
urban, suburban, and rural areas during the heat wave
period, specific spatial information is not portrayed. Even
so, without the dense observations included in this study
via OKCNET and the Oklahoma Mesonet, such concise
analyses focused on localized impacts of urban-atmosphere
interactions would not be possible. Given the results of this
study and new operational capabilities such as the Oklahoma
City Micronet, new tools, and analysis techniques can be
developed and applied in future studies to provide specific
heat information at the neighborhood scale for use in more
refined public health analyses and mitigation strategies.
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